Purpose To determine optical biometry data criteria for the detection of abnormal refraction in preschool children, and to evaluate the accuracy of these criteria for detecting amblyopia refractive risk factor (ARF), as defined in the 2013 guidelines of the American Association for Pediatric Ophthalmology and Strabismus (AAPOS). Methods The present study included 200 eyes of 100 preschool children with normal eyes for the experimental determination of criteria and 142 eyes of 71 preschool children for validation of these criteria. Statistical data from normal eyes were used to determine both Bhigh sensitivity failure criterion^and Bhigh specificity failure criterion^associated with corneal astigmatism, interocular difference in axial length, and the prediction interval of a regression formula for predicting corneal power from axial length. Ophthalmological examination of children for validation included testing cycloplegic refraction and optical biometry testing. Outcomes from optical biometry criteria were compared with determination via ophthalmological examination, and the accuracy of the criteria for detecting ARF was evaluated. Results Sensitivity of the Bhigh sensitivity failure criterion^for detecting 2013 AAPOS ARF was 100%, while the specificity was 80.5%. The sensitivity of the Bhigh specificity failure criterion^was 93.3%, while the specificity was 95.1%. Conclusions The criteria derived from optical biometry data in this study exhibited excellent sensitivity and specificity for detecting ARF. This study may lead to a new approach to vision screening in preschool children.
Introduction
Amblyopia is a condition that emerges when a child's visual system does not develop properly, resulting in abnormal vision in one or both eyes [1, 2] . Anisometropic, strabismic, and ametropic (bilateral high hyperopia and myopia or astigmatism) amblyopia are commonly found in the general population. Pure anisometropic and bilateral ametropic amblyopia do not demonstrate clear ocular misalignment, rendering their detection difficult. It is widely accepted that the optimal time to correct amblyopia is during infancy or early childhood, before the visual system, including the visual pathway from the retina to the brain, has fully matured [3] [4] [5] [6] [7] [8] . Therefore, vision screening to detect amblyopia at a sufficiently early age to enable successful treatment has been strongly recommended worldwide [9] [10] [11] .
Refraction testing by handheld autorefractor or photorefractor is a useful tool for detecting amblyopia or significant refractive errors [12] during vision screening. Atkinson J et al. first explored the utility of refraction testing using a photorefractor in vision screening [13, 14] . Recently, a handheld photo-refractor with software for the detection of abnormal refraction (i.e., the type that may cause amblyopia) has become commercially available [15] [16] [17] [18] that reportedly reduce the effects of accommodation on refraction, relative to those encountered when using conventional handheld autorefractors that require patients to gaze into a target inside the instrument [19] . However, autorefractors (including the photorefractor) cannot completely eliminate the effects of accommodation on refraction without the use of cycloplegics.
Optical biometry devices can measure corneal power and axial length, without the adverse effects of accommodation. Corneal power and axial length are closely associated with refraction and can partially explain refraction using a regression formula [20, 21] . In this respect, Borchert et al. [22] reported that axial length could be tested using the IOL Master (Carl Zeiss Meditec, Jena, Germany) in nearly all children by the of age 36 months in a population-based sample of preschool children in the USA. Huang et al. [23] reported testability values of the IOL Master in 3-year-old children of 93.7% for axial length and 78.6% for corneal power overall; both measures improved with age. Based on these findings, an approach for vision screening that uses an optical biometry device may be useful for effectively detecting abnormal refraction in preschool children. To the best of our knowledge, there have been no studies focused on the accuracy of optical biometry devices, with respect to the detection of abnormal refraction. The present study aimed to identify criteria derived from optical biometry data that could be used to detect abnormal refraction, and to evaluate the accuracy of these criteria for detecting amblyopia refractive risk factor (ARF), as defined by the 2013 report of the American Association for Pediatric Ophthalmology and Strabismus (AAPOS) Vision Screening Committee (Table 1 ) [24] .
Methods

Participants
The procedures used in the present study were prospectively approved by the Institutional Review Board of the International University of Health and Welfare in Tochigi, Japan (approval numbers: 17-Io-23, 18-Io-5, and 13-B-298), and conformed to the tenets of the Declaration of Helsinki. Informed consent was obtained from each of the participants' guardians following an explanation of the purpose, risks, potential discomfort, and procedures associated with the study.
The study included 200 eyes of 100 preschool children with normal eyes (45 boys and 55 girls, mean age: 63.3 ± 6.3 months, range: 52-76 months) in the reference group, and 142 eyes of 71 preschool children (37 boys and 34 girls, mean age: 61.9 ± 16.3 months, range: 25-84 months) in the validation group. The reference group was recruited during vision screening; the inclusion criteria for that group were an uncorrected visual acuity of 0.00 logMAR or better for distant (5 m) and near vision (1/3 m), 60 arcseconds or better in stereopsis, and no strabismus or history of wearing spectacles. The validation group was recruited from among patients who visited the International University of Health and Welfare Hospital in Tochigi, Japan, with or without abnormal refraction or amblyopia. Subjects were excluded from the study if they had a history of eye or head injuries, intraocular surgery, or ocular pathology.
Optical biometry measurement in the reference group and determination of criteria values
In the reference group, mean corneal power, corneal astigmatism, and axial length of both eyes were measured using the AL-Scan (NIDEK Co., Ltd., Aichi, Japan). Based on the resulting grouped data, criterion values were determined for corneal astigmatism, absolute interocular difference in axial length, and the prediction interval of a regression formula for the prediction of corneal power from axial length. Kolmogorov-Smirnov tests were used to determine whether these parameters were normally distributed. Criterion values were defined by the 95th and 99th percentiles in corneal astigmatism and the interocular difference in axial length and the 95% and 99% prediction intervals in the regression formula. Corneal astigmatism criteria were expected to detect astigmatism in ARF. Interocular difference in axial length was expected to detect anisometropia, and the prediction interval of the regression formula for the prediction of corneal power from axial length was expected to detect both abnormal hyperopia and myopia.
Optical biometry measurement in the validation group and validation of accuracy of criterion values for detecting amblyopia refractive risk factor
Ophthalmological examination was performed, including testing of cycloplegic refraction and optical biometry, in the validation group. Mean corneal power, corneal astigmatism, and axial length in both eyes were measured using an IOL Master 500 (Carl Zeiss Meditec). Based on the determination criteria, the patients were classified as Bpositive (out of criteria)^or Bnegative (within criteria).^Cycloplegic refraction was performed after instillation of 1% atropine every morning and night for 1 week or after instillation of 1% cyclopentolate three times every 5 min. Based on cycloplegic refraction, patients were classified as BARF+^or BARF−,^with reference to the definition of ARF described in the AAPOS guidelines.
Sensitivity, specificity, positive predictive values (PPVs), and negative predictive values (NPVs) of the criteria pertaining to the detection of ARF were calculated. PPV and NPV are affected by the prevalence of disease in the specific population being studied, yet they can be estimated for the general population via a diagnostic test with fixed sensitivity 
and specificity. The assumption of fixed sensitivity and specificity implies that the diagnostic test is generalizable to the broader population. Thus, the probability that the test will correctly predict that an individual is disease-positive (or disease-negative) is the same, regardless of whether they are a member of a population of children at a doctor's office or a member of the general population. If this assumption is valid, PPVs and NPVs incorporating the prevalence of a given disease in a population can be estimated using sensitivity and specificity, in accordance with the relationships represented in the formulae below [25, 26] .
As prevalence decreases, PPV is expected to decrease, while NPV is expected to increase. Using the relationships represented above, we estimated the PPV and NPV of the criteria in a general population of preschool children.
Results
Determination of criteria values
The distributions of corneal power, corneal astigmatism, axial length, and interocular difference in axial length in the reference group are shown in Fig. 1 and Table 2 . Classifications of Bhigh sensitivity failure criterion^and Bhigh specificity failure criterion^were determined based on statistical data derived from the reference group (Table 3 ). The criteria denoting Bhigh sensitivity failure criterion^were 2.15 D for corneal astigmatism, 0.25 mm for absolute interocular difference in axial length, and a 95% prediction interval in the regression formula (y = − 1.82 x + 84.23 with R 2 = 0.69, x is axial length, y is corneal power) (Fig. 2) , these may produce a false-positive result. The criteria denoting Bhigh specificity failure criterionŵ ere 2.81 D for corneal astigmatism, 0.41 mm for absolute interocular difference in axial length, and a 99% prediction interval in the regression formula (Fig. 2) , these may produce a false-negative result.
Validation of detection accuracy of criteria for detecting the 2013 American Association for Pediatric Ophthalmology and Strabismus amblyopia refractive risk factor
In the validation group, the patients were classified as Bnegative (within criteria)^for either the high sensitivity failure criterion or the high specificity failure criterion if they met the criteria for all of the following 3 items: corneal astigmatism, interocular difference in axial length, and prediction interval in the regression formula. In contrast, the patients were classified as Bpositive (out of criteria)^if they did not meet the criteria for any of these 3 items. Detection accuracy is shown in Table 4 . The sensitivity of the Bhigh sensitivity failure criterion^for the detection of ARF as defined by the 2013 AAPOS was 100% (95% confidence interval (CI), 88.4%-100%), and the specificity was 80.5% (95% CI, 64.9%-91.4%). The prevalence of ARF in the validation group in the current study was 42.3%, the PPV was 78.9% (95% CI, 62.7%-90.5%), and the NPV was 100% (95% CI, 89.4%-100%). Arnold [27] estimated that the prevalence of ARF associated with refraction in the general preschool population was 15%. Based on a prevalence of 15%, the respective PPV and NPV values in a general preschool population were estimated to be 47.5% and 100%. The sensitivity of the Bhigh specificity failure criterion^to detect ARF was 93.3% (95% CI, 77.9%-99.2%), while its specificity was 95.1% (95% CI, 82.6%-99.6%), the PPV was 93.3% (95% CI, 77.9%-99.2%) and the NPV was 95.1% (95% CI, 82.6%-99.6%). The respective PPV and NPV values in a general population of preschool children were estimated to be 77.1% and 98.8%, respectively. The detection accuracies of each refractive subtype are shown in Table 5 . The prevalence of astigmatism, hyperopia, and myopia in this study, based on ARF in the validation group, were 12.7%, 16.2%, and 8.5% of 142 eyes, respectively; the prevalence of anisometropia was 15.5% of 71 patients. The Bhigh sensitivity failure criterion^exhibited high sensitivity, while the Bhigh specificity failure criterion^exhibited high specificity, for the refractive error of any subtype.
Discussion
The criteria generated in the current study exhibited excellent ability to detect ARF. Total astigmatism was found to be primarily driven by corneal component in several earlier studies [28] [29] [30] . Shankar and Bobier [30] investigated the contributions of corneal and lenticular components to total astigmatism in preschool children. They concluded that astigmatism is mainly corneal in children aged 3-5 years and that there is no lenticular compensation for high levels of corneal astigmatism in the eyes of preschool-aged children. Moreover, associations between ocular biometry findings and anisometropia have been demonstrated in a few earlier studies [31] [32] [33] [34] ; axial length is strongly correlated with anisometropia. Huynh et al. [33] investigated associations in 6-year-olds and reported that the interocular difference in axial length contributed to anisometropia, while the difference in corneal power dose did not. Thus, in children aged approximately 6 years, the degree of anisometropia may depend strongly on differences in axial length. Therefore, the detection of total astigmatism and anisometropia through parameters pertaining to corneal astigmatism and interocular differences in axial length is a rational approach. Relationships among corneal power, axial length, and refraction have been reported in several earlier studies [35] [36] [37] , and AL/ CR ratio (i.e., the value of axial length divided by corneal curvature radius) is strongly correlated with cycloplegic refraction. Thus, an abnormal relationship between corneal power and axial length indicates abnormal refraction. In this study, a patient was suspected to have abnormal myopia, when the plot derived from corneal power and axial length exceeded the upper limit of the prediction interval in the regression formula, while the patient was suspected to have abnormal hypertropia, when the plot derived from corneal power and axial length exceeded the lower limit of the prediction interval in the regression formula. Therefore, the examiner may be able to screen for abnormal refraction based on the relationship between corneal power and axial length, without the need for calculation of the AL/CR ratio using the chart, as shown in Fig. 2 . Guo et al. [36] investigated the AL/CR ratio in children aged 3-6 years and reported that the differences related to age and sex were marginal. This means that differences related to age and sex in the regression formula for the prediction of corneal power from axial length were also marginal. Therefore, the detection of ametropia (i.e., abnormal hypertropia or myopia) based on relationships between corneal power and axial length is a rational approach. Furthermore, the accuracy of this approach can be potentially improved by optimizing the criteria to be age-specific. The estimated NPV in the general population was 100% based on the Bhigh sensitivity failure criterion,^and the estimated PPV was 77.1% based on the Bhigh specificity failure criterion.^There is a strong possibility that ARF may be absent when the high sensitivity failure criterion is not met, while it may be present when the Bhigh specificity failure criterion^is met. The prevalence of ARF in the current study population was 42.3%. This differed notably from the prevalence of the general preschool population. Moreover, refractive errors in patients with ARF in the study population may be relatively severe, compared with those in patients with ARF in the general population. The estimated PPV and NPV in the present study may not be based on a valid assumption. Therefore, we plan to validate both the PPV and NPV values in a future study in the general preschool population.
The study had a few limitations. Refraction with cycloplegia was not considered in the reference group. Children with mild myopia of less than 1.50 D may have been excluded from the reference group. Guo et al. [36] reported that the prevalence of myopia was 0% at 3 years of age and 3.7% at 6 years of age. This fact may not have had a substantial effect on the present results. However, detection criteria, defined on the basis of cycloplegic refraction in children without ARF, may enable better differentiation between children with and without ARF. Another limitation is that cycloplegic refraction was measured by 2 different methods in the validation group (atropine for 1 week or cyclopentolate, three times, in the clinic). A few children might have been classified as BARF+^owing to cycloplegic refraction with atropine, which led to a decrease in the false-positive or an increase in the false-negative results. According to earlier reports [38] , mean difference of cycloplegic refraction between atropine and cyclopentolate was 0.40 D in children (3-5 years of age) with hyperopia of more than 1.00 D. This may have had only a marginal effect on the results of the present study. Finally, different biometric instruments were used for the reference and validation groups. Children in the reference group were assessed during vision screening. Thus, we selected the ALscan, which is easy to transport and set up. However, according to earlier reports [39] [40] [41] , axial length and keratometry (corneal power) measured by the AL-scan was not significantly different from that measured by IOL Master, and good concurrence was found between both devices. Thus, this may not have had a substantial effect on the results of this study.
Furthermore, a disadvantage of this technique is that it currently cannot detect large amblyogenic refractive errors Earlier studies have not focused on the accuracy of an optical biometry device for detecting abnormal refraction. This study may lead to a new approach to vision screening. Future studies with larger sample sizes are needed. 
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